The equilibrium C 1502 inhalation method for measuring cerebral blood flow with positron emission to mography (PET) is based on a one-compartment model for which it is assumed that the local flow and partition coefficient are uniform in the tissue region in which flow is to be determined. However, because of the limited spa tial resolution of PET, a region of interest will contain a mixture of gray and white matter. We used a computer simulation to examine the effect of this heterogeneity on flow measurement in both normal and pathological states. With gray and white matter flows of 0.80 and 0.20 mll min/g, respectively, flow is underestimated by a max imum of 20% in a region that is 30% gray. Errors occur not only because of flow heterogeneity, but also because of heterogeneity of partition coefficient and the sensi-Positron emission tomography (PET) makes pos sible the in vivo, regional quantitation of radio tracers labeled with positron-emitting radionu elides. By using appropriate mathematical models which describe the behavior of specific radio tracers, cerebral blood flow (CBF) can be deter mined from measurements of brain and blood ra dioactivity.
tivity of the method to errors in partition coefficient. Larger errors occur in the case of cerebral hyperemia, although the method becomes more accurate with isch emia. In the case of simulated brain tumor, the accuracy of flow determination varies considerably, depending on the flow and partition coefficient of the tumor and of the surrounding tissue. Finally, incremental changes in gray matter flow, as would occur with fu nctional cortical ac tivation, are not well reflected. Thus, the equilibrium C1502 inhalation method is limited in its ability to accu rately quantitate local cerebral blood flow in heteroge neous tissue regions. Key Words: Cerebral blood flow Equilibrium C1502 inhalation method-Error analysis Positron emission tomography.
aging strategy used. All of them, though, are based on simple, one-compartment models in which it is assumed that the local blood flow, the partition coefficient for water, and the radiotracer concentra tion are all uniform in the region of tissue in which flow is being measured. However, because of lim ited spatial resolution, PET measurements of local tissue radiotracer concentration will generally re ceive contributions from both gray and white matter (Frackowiak et al., 1980; Mazziotta et al., 1981) . Thus, regions of interest in which flow is measured will be heterogeneous in both flow and partition coefficient.
In this study, we examined the effects of such tissue heterogeneity on the accuracy of the equilib rium C 15 02 inhalation technique for measuring rCBF with PET (Subramanyam et al., 1978; Frac kowiak et al., 1980) using a computer simulation. Because of the nonlinear relationship between flow and local tissue radiotracer concentration in this method (Lenzi et al., 1978; Subramanyam et al., 1978) , the flow measured in a region that is heter-ogeneous in flow will not be equal to the weighted sum of the gray and white flows (Baron et al., 198 1; Lammertsma et al., 1981a) . In addition, the use of' an average brain partition coefficient for water in a heterogeneous region can lead to inaccuracies (Baron et al., 198 1) . In fact, our data demonstrate that large errors in local flow measurement can occur, in both normal and pathological conditions. A preliminary report of this work has been pre sented (Herscovitch and Raichle, 1982) .
THEORY AND METHODS
The equilibrium C1502 method for measuring rCBF with PET is based on a one-compartment model which assumes tissue homogeneity for both flow and partition coefficient (A) for water (Subramanyam et aI., 1978; Frac kowiak et aI., 1980) . The operational equation that relates local tissue H2150 concentration, Ct (in counts/s/g), to flow, f (mUmin/g), is
Here, KD is the decay constant of 150 (0.338/min for the 150 half-life of 123 s), Ca is the arterial concentration of H2150 (in counts/s/ml) and A is the equilibrium brain blood partition coefficient for water (in mUg). Note that we have chosen, as did Jones et al. (1982) , to exp � ess blood flo � in the operational equation per gram of tissue. In practice, this requires division of the brain r . adiotra � er concentration, obtained with PET per milli lIter of tissue, by the tissue density (Frackowiak et aI., 19 . 8�) :
The � lternative approach is to express flow per � II�llIt � r of tissue. This, however, would require the mul tiplIcatIOn of A, which is conventionally quoted in mUg by the tissue density (Lassen and Perl, 1979) . '
The operational equation (Eq. 1) assumes tissue hom og � neity. However, because of the limited spatial reso lutIOn of PET, currently in the range of 1.0-1.5 cm (H ? ffman et aI., 1981; Te r-Pogossian et aI., 1982) , a region of mterest will contain a mix of gray and white matter heterogeneo � s i � both flow and A. Thus, an average A must be arbltranly selected. In practice, a value of 0.96 mllg has been used (Jones et aI., 1982) . This is based on an aver � ge of the partition coefficients for water of gray and w�lte matter, 1.04 and 0.88 mllg, respectively (Ter Pogosstan et aI., 1969) [when 0.96 mllg is mUltiplied by the average brain density of 1.05 g/ml, it converts to 1.00 mllml, the value of A used by Frackowiak et al. (1980) ]. In general, this value will be different from the true w � i�hted A of the region of interest, except for regions con t � mmg normal gray and white matter in equal propor tions. Thus, the application of Eq. I with a standard av erage A may lead to error (see below). Furthermore, the flow heterogeneity that is likely to be encountered in a region of interest also violates the one-compartment as sumption of the model. Thus, the resultant measured flow wil� reflect � ome nonlinear combination of the gray and Whlt � flows m th � region of interest as determined by the nonlmear operatIOnal equation.
A simulati ? n stu . dy, based on the following principles, was used to mvestlgate the effect of tissue heterogeneity on the accuracy of the equilibrium C1502 inhalation tech- Vol. 3, No. 4, 1983 nique, A tissue region of interest may be considered to contain varying proportions, or fr actional weights, W g and ww, of gray and white matter, respectively, where W + Ww = 1, By specifying the flow and known A for gray �nd white matter, and an arbitrary arterial H2150 concentra tion, one may solve Eq. I to calculate the tissue radio tracer concentrations, C g and Cw, that would result if the region of interest consisted of only gray or white matter. The fo llowing relations are obtained for gray and white matter, respectively:
The tissue H2150 concentration that would be obtained with PET in the heterogeneous region of interest is the weighted sum,
This weighted value is then used in Eq. I, along with the specified Ca alld average brain A, to calculate the "mea sured" flow, f, that would be obtained in practice. Thus,
This is to be compared with the true weighted flow in the region of interest, that is,
The difference between these two flow values f ' and I" t , J t rue'
reflects the error in flow measurement due to the speci fied degree of tissue heterogeneity. We used the above formulation to study the effect of tissue heterogeneity in simulations of normal and path ological states. The effect of heterogeneity of flow and A singly or in combination, was calculated for various pro : portions of gray and white matter in a region of interest. The interaction of errors in measurement of either tissue or blood radiotracer concentration with the effects of tissue heterogeneity was determined. The impact of such measurement errors was studied by applying the specific error, either in C t or in Ca, in Eq. I before flow was calculated, and then comparing the resultant calculated flow with the true weighted regional flow. Pathological conditions, such as cerebral edema, neoplasm, or isch emia, can alter both the regional partition coefficient for water and the degree of flow heterogeneity. Performance of the equilibrium inhalation method in such cases was modeled by specifying flows and/or A in Eqs. 2 and 3 to simulate tissue pathologY" and then comparing the resul tant "measured" flow, f, to the true weighted regional flow.
RESULTS
The effect of tissue inhomogeneity on the accu racy of flow measurement in a region of interest containing varying proportions of gray and white matter is shown in Fig. 1 . The respective values of 1 .00 Bottom: Percentage error in measured flow due to tissue heterogeneity. Gray and white matter flows and partition coefficients are as above. The percentage gray matter in the region of interest (ROI) is plotted on the abscissa, the per centage error in measured flow on the ordinate. Note the sensitivity of the method to the average partition coefficient value used in the operational equation.
flow and A used in Eqs. 2 and 3 were 0.80 mllmin/ g and 1. 04 mllg for gray matter, and 0.20 mllmin/g and 0.88 ml/g for white matter. Using an average brain A of 0.96 mllg, flow was underestimated by a maximum of 20% in a 30% gray matter region of interest and overestimated by 23% in a pure gray matter region of interest. The separate effects of flow heterogeneity and A heterogeneity were examined by setting Ag = Aw, or fg = fw, respectively, in Eqs. 2-4. Thus, Fig. 2 illustrates the error in flow measurement that would occur in regions of interest containing varying u..
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FIG. 2. Effect of partition coefficient heterogeneity alone on the accuracy of flow measurement. Error in measured flow was calculated for a region of interest (ROI) containing varying proportions of two tissues with different partition coefficients of 0.88 and 1.04 ml/g, but with equal flows (0.20, 0.50, or 0.80 ml/min/g). The percentage of the ROI with a partition coefficient of 1.04 is plotted on the abscissa, the percentage error in flow on the ordinate. In this and subse quent figures, an average brain partition coefficient of 0.96 mllg is used in the operational equation. Note that the error in flow measurement increases as the region becomes more homogeneous in partition coefficient and as the uniform flow in the ROI increases.
weights of two tissues with different partition coef ficients of 1.04 and 0.88 mllg, but with equal flows as indicated. As flow increases, the error due to A heterogeneity increases as well. As would be ex pected, error increases as the region of interest becomes predominantly gray or white and has an average A which increasingly differs from that used in the operational equation. The effect of flow het erogeneity alone is shown in Fig. 3 , for a region of interest with a homogeneous A of 0.96 mllg. There is an underestimation of flow that becomes greater as the flow difference between the two components increases and as the weights of the two tissues with different flows become similar. As illustrated in Fig. 1 , the calculated values for flow are very sensitive to the choice of the value for average brain A used in the operational equation, especially in regions of interest that are predomi nantly high flow, i.e., gray matter. The sensitivity of flow calculation to errors in A was investigated in a less complex situation, that is, in a homoge neous region of interest with different flows and varying partition coefficients ranging from 0.90 to 1. 02 mllg. An equation of the form of Eq. 2 was used to obtain the tissue activity for a given flow and the specified "true" partition coefficient, At. Then Eq. 1 was used with the average A of 0.96 mIl g to obtain the calculated flow. The percentage error in calculated flow as a function of percentage error in A [i. e. , (0.96 -At)fAt' 100%] is illustrated in Fig. 4 . The error in flow increases markedly at
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Note that the underestimation of flow worsens as the flow difference between the component tissues increases, and as the relative weights of the two component tissues approach 50:50.
higher flows. This is consistent with the sensitivity of flow calculation to the choice of average X. in a heterogeneous region of interest, as noted above ( Fig. O . The interaction of errors in measurement of tissue and blood radiotracer concentration with the "- +5% -2% f-"'" effects of tissue heterogeneity is shown in Fig. 5 .
With relatively modest errors of ± 3% in Ct and ± 1 % in C a , errors of from -26% to + 43% occur in calculated flow. With somewhat larger measure ment errors of ± 5% and ± 2% in Ct and C a , re spectively, much larger errors in calculated flow re sult. The effect of simulated cerebral ischemia or hy peremia on flow determination is shown in Figs. 6 and 7. Gray matter ischemia or hyperemia was modeled by using 0.4 to 1.2 ml/min/g as values for gray matter flow in the calculation of gray matter H2 15 0 concentration with Eq. 2. As before, the values of X. used for gray and white matter were 1.04 mllg and 0.88 mllg, respectively, and for the average brain X., 0.96 mllg. As shown in Fig. 6 , the largest error, over 30% underestimation of flow, oc- curs with the highest gray flow, and, as gray flow decreases, the accuracy of flow determination im proves. Similar calculations were performed in which white matter flow was made to vary in con cert with gray matter flow, with the ratio of gray to white flow held at 4: 1. In this case, as shown in Fig.  7 , the error in flow is not as great in the high-flow case, but decreases less as flow decreases. Flow measurement was simulated in abnormal tissue, such as brain tumor, in which flow and A may vary widely. The error in flow measurement for a region of interest containing varying propor tions of tumor and of surrounding gray or white matter is listed in Ta ble 1. Calculations were made with surrounding tissue consisting of gray matter with decreased flow, normal white matter, and white matter with decreased flow and increased A, as occurs in edema. A value of 1.0 mllg was used for edematous white matter A, based on the mea surements of water content of Stewart-Wallace (1939) . Several observations can be made. The error is quite variable, depending on the properties of the tumor and surrounding tissue. When flow in tumor and surrounding tissue is low (0.20 mllmin/g or less), the error is relatively small, approximately ± 5%. However, with higher tumor flows or in creasing flow disparity between tumor and sur rounding tissue, the error increases. In such cases, relatively large over-or underestimations of flow occur, both in regions that are 100% tumor, and in peritumoral regions with little tumor included. In regions consisting completely of tumor, the magni tude and direction of error depends on the value of A in the tumor in relation to that used in the oper ational equation, 0.96 mllg.
The utility of the equilibrium method for quanti tation of incremental changes in gray matter flow, as occur in functional activation situations, is shown in Ta ble 2. The changes in regional flow that a Flow expressed as mllmin/g. The values of A used in gray and white matter were 1.04 mllg and 0.88 ml/g, respectively, and for the average brain A, 0.96 ml/g.
ROJ, region of interest.
would be measured for incremental changes in gray matter flow of 0.20 ml/min/g are listed for various gray and white tissue mixes, with white matter flow held constant at 0.20 mllmin/g. The "true" flow change that would occur in each region of interest is the pure gray matter flow change multiplied by the gray matter weight in the region of interest. The following observations can be made. First, except for regions of interest that are 80-90% gray, the measured flow changes are, in general, quite dif ferent from the true changes. Second, incremental changes are more accurately reflected when the baseline gray matter flow is low. Finally, for any and tissue radioactivity concentration, Ct (expressed as a fraction of arterial concentration, Ca l, is shown graphically, for a model A = 0.96 ml/g. We consider a region of interest with a uniform A = 0.96 ml/g; as illustrated, 50% of the region has a flow of 0.80 ml/min/g and 50% a flow of 0.20 ml/min/g.
The radioactivity concentrations corresponding to these flows are 0.68 and 0.37. Thus, the true weighted flow is 0.50 mllmin/g and the average radiotracer concentration Ct is 0.53. Note, however, that when this value for Ct is used in the operational equation, the flow that is calculated, 0040 mil min/g, is substantially different from the true flow, due to the nonlinear nature of the equation. 
DISCUSSION
Several authors have investigated various poten tial sources of error in the equilibrium C 1502 method for measuring rCBF, relating either to de viations from the assumptions inherent in the model or to inaccuracies in the physical measurements it requires (Huang et aI., 1979; Lammertsma et aI., 1981a Lammertsma et aI., ,b, 1982 Jones et aI., 1982) . The effect of tissue heterogeneity on the accuracy of regional flow measurement with the C1502 inhalation tech nique has not previously been addressed in detail. Because of the limited spatial resolution of PET, the assumption that a region of interest will be ho mogeneous in both flow and brain-blood partition coefficient for water will generally be violated. Fur thermore, the routine use of an average brain A im plies that even in relatively homogeneous regions of interest, the specified A may frequently differ from the true regional A. An example of the poten tial impact of these problems was presented by Lammertsma et ai. (1981a) . Considering only the effect of flow heterogeneity, they predicted a max imum 18% underestimation of flow occurring in a 50: 50 gray-to-white region of interest, with gray and white flows of 0.70 and 0.20 mllmin/g, respectively. Our more general analysis, including the effects of both flow and A heterogeneity in simulations of normal and pathological conditions, indicates that errors of such magnitude or greater will frequently be encountered.
The approach we used involved the analysis of a region of interest consisting of varying weights of two types of tissue, i.e., gray matter and white matter, with different flows and A. This is a simpli-tied model of the complex effects of limited spatial resolution on the quantitation of regional radioac tivity in neuroanatomical structures (Mazziotta et aI., 1981) . However, our approach does allow a de tailed study of the performance of the equilibrium inhalation method when both gray and white matter contribute to local tissue count measurements.
The ideal model for measuring rCBF with PET would give the true weighted blood flow in a het erogeneous region of interest. The equilibrium in halation technique deviates considerably from this optimal performance in both physiological and pathological conditions. This results from a com bination of errors due to both flow (Fig. 3) and par tition coefficient heterogeneity (Fig. 2) . It is be cause of the nonlinear nature of the operational equation (Eq. 1) that flow heterogeneity leads to flow underestimation (Lammertsma et aI., 1981a) . This is illustrated in Fig. 8, where we have used the well-known nonlinear relation between flow and tissue activity (Lenzi et aI., 1978; Subramanyam et aI., 1978; Jones et aI., 1982) , and considered a re gion of interest heterogeneous in flow only. The weighted average tissue radiotracer concentration in the region, when inserted into the nonlinear op erational equation, yields a flow that is quite dif ferent from the true weighted average flow. The error, an underestimation of flow, is greatest when the relative proportion of the two tissues in the re gion of interest is 50:50.
Partition coefficient heterogeneity also intro duces error. This is because an average A must be used in the operational equation. This will be ac curate for a 50:50 gray-to-white tissue mix, but be comes progressively less accurate as the region of interest becomes more uniform, causing either under-or overestimation of flow. It must be stressed that the operational equation of the equi librium inhalation method is very sensitive to the value of average brain A used in relation to the true weighted A of a region of interest. Even for a ho mogeneous region of interest, relatively small er rors in A are amplified in the flow calculations at higher flows (Huang et aI., 1979; Lammertsma et aI., 1981b) . This is analogous to the magnification of error in tissue radioactivity measurement (Huang et aI., 1979; Jones et aI., 1982) . This sensitivity to error in A is not surprising, since the two terms that are subtracted in the denominator of the operational equation, C a lC! and 1/11., are numerically close to each other, especially at high flows.
The degree of error due to tissue heterogeneity is quite variable and depends on several factors. It is affected by the individual flows and partition coefficients of the tissues in the region. Further-more, it depends on the relative tissue weights. Thus, in a region of interest containing various mixes of normal cortical gray matter (fg = 0.80, Ag = 1.04) and white matter (fw = 0.20, Aw = 0.88), the error in flow varies from -20% in a region of interest that is 30% gray matter to 23% in one that is 100% gray. If, based on scanner resolution and local anatomy, one could predict that the flow mea surement was being made in pure gray or white matter, the appropriate value of A could be used.
Some caution in this regard is indicated, due to re gional differences in gray and white matter partition coefficients for water. For example, the corpus cal losum has a higher water content (Stewart-Wallace, 1939) , and thus a higher A of 0.94 ml/g, than the white matter of the centrum semi-ovale. The water contents of the thalamus and caudate nucleus are lower than that of cortical gray matter (Randall, 1938; Stewart-Wallace, 1939) . Thus, their computed partition coefficients are 0.94 mllg and 1.01 ml/g, respectively, which are lower than that of cortical gray matter.
Inaccuracies in the determination of tissue radio tracer concentration due to either statistical or sys tematic errors will interact with the effects of tissue heterogeneity on flow measurement. Statistical er rors have been calculated from theoretical consid erations (Alpert et aI., 1982; Jones et aI., 1982) and have been measured in phantoms (Lammertsma et aI., 1982) , and, in general, range from 2% to 7%. In addition, one must consider inaccuracies in the de termination of the equilibrium arterial concentra tion of radiotracer. These may be due to statistical or systematic errors in counting or weighing of blood samples or to variations in patient breathing pattern (Lammertsma et aI., 1981a) . When inaccur acies in tissue count data of 3-5% and in arterial radiotracer concentration of 1-2% are combined with the effects of tissue heterogeneity, errors as large as ± 30% in regional flow determination can result.
The impact of tissue heterogeneity on the ac curacy of flow calculation in pathological states is variable, depending on the flow and partition coef ficients of the tissues making up the region of in terest. In general, conditions that increase the flow disparity within the region of interest, or lead to variations or abnormalities in local A, are associated with greater errors. Thus, in the case of hyperemia, accuracy of flow measurement in a heterogeneous region of interest decreases, whereas with focal depression of flow, accuracy improves ( Figs. 6  and 7) .
The equilibrium inhalation technique has been used to study cerebral neoplasms (Ackerman et ai, 1981; Ito et aI., 1982) . As Ito et ai. point out, the absolute values for tumor blood flow are affected by the spatial resolution of PET. Our calculations support this observation. When tumor is mixed with surrounding tissue in a region of interest, as occurs near the tumor rim, tumor blood flow quantitation will be affected in the same fashion by tissue het erogeneity, as is a mix of normal gray and white matter. The actual error varies considerably, de pending on the flow and }.. of the tumor and sur rounding brain. One might propose that flow mea surement in tumors larger than twice the full width at half maximum (FWHM) of the tomograph used would be more accurate and less susceptible to mixing effects with surrounding nontumorous tissue. This is because local radioisotope concen trations are most accurately recovered with PET in structures larger than 2 FWHM (Mazziotta et aI., 1981) . However, even if a region of interest consists only of tumor, the local blood flow may be heter ogeneous. Such flow heterogeneity would result in an underestimation of flow that will depend on the degree of local flow disparity (Fig. 3 ). In addition, there is the problem of uncertainty in the partition coefficient for water in the tumor. Measurements of }.. in tumor for other flow tracers have shown wide variations, of 0.70-1.37 for 133 Xe (O'Brien and Veall, 1974) and 0.87 -1.20 for iodoantipyrine (Blas berg et aI., 1981) . Furthermore, for I33Xe, large vari ations in }.. were shown among tumors of the same type, and between different parts of the same tumor. To our knowledge, }.. for water has not been measured in tumors. In our simulations, we there fore chose "tumor" }.. similar to that of gray or white matter for illustrative purposes. This showed that, except for low-flow tumors, large errors in flow measurement can result. Uncertainty in the knowledge of }.. in the tumor, and the sensitivity of the equilibrium inhalation method to errors in }.. , makes flow measurement even in large tumors un reliable.
PET is being used increasingly to monitor changes in regional flow, such as occur in the nat ural history of neurological disease, in response to physiological stimulation in functional mapping studies, or following pharmacologic interventions. The technique for measuring CBF in such cases must be able to accurately reflect regional flow changes. In a heterogeneous region of interest, the change in measured flow should equal the actual changes in flow, weighted according to the local gray-to-white mix. Furthermore, in a region of in terest of a specific composition, the measured change in flow for a given change in true flow should be the same, regardless of the baseline flow J Cereb Blood Flow Metabol, Vol. 3, No.4, 1983 in the region. With the equilibrium inhalation tech nique, neither of these requirements is met (Table  2) . Specifically, in a region of interest that is 90% or more gray matter, the measured flow change is considerably greater than the true change; for a re gion of interest that is 70% or less gray matter, the measured change is lower than the true one. In ad dition, as the baseline flow in a region increases, the measured changes in flow do not remain con stant, but progressively deviate from the true change.
It should be noted that other methods for mea suring rCBF with H2 1 50 are not as sensitive to tissue heterogeneity as is the equilibrium method. The PET adaptation of the Kety tissue autoradio graphic technique (Raichle et aI., 1981) provides ac curate regional flow measurements, regardless of the degree of tissue heterogeneity, and is little af fected by inaccuracy in the specification of the tracer brain-blood partition coefficient (Herscov itch et aI., 1983) . The general input technique of Huang et al (1982) has also been shown to have small errors in the face of nonuniform tissue.
Future improvements in PET scanner resolution should lessen the adverse impact of tissue hetero geneity on the equilibrium technique. Furthermore, strategies that incorporate anatomic information from computed tomography or nuclear magnetic re sonance scans and use the known effects of PET resolution on the quantitation of tissue radioactivity should be considered (Mazziotta et aI., 198 1) . How ever, as it is currently implemented, the equilibrium C 1 502 inhalation method is limited in its usefulness as a means to accurately quantitate rCBF in het erogeneous tissue regions.
